In developing Drosophila notum, wingless expression is regulated by Decapentaplegic signaling positively and negatively so that only notal cells receiving optimal levels of Decapentaplegic signals express wingless (Sato et al., 1999b . Here, we show evidence that this Decapentaplegic-dependent regulation of notal wingless expression includes plural mechanisms, involving pannier and u-shaped. In the medial notum, Pannier and U-shaped form a complex (Haenlin et al., 1997. Genes Dev. 11, 3096±3108). The expression of pannier and u-shaped is positively regulated by Decapentaplegic signals emanating from the dorsal-most region. The Pannier/U-shaped complex serves as a repressor and a transcriptional activator, respectively, for wingless and u-shaped expression. In the more lateral region, wingless expression is up-regulated by U-shaped-unbound Pannier. wingless expression is also weakly regulated by its own signaling. q
Introduction
Decapentaplegic (Dpp) and Wingless (Wg) are secretory factors belonging to the TGF-b and Wnt family, respectively, and both serve as major morphogens throughout Drosophila development (Hogan, 1996; Cadigan and Nusse, 1997) . In some developing tissues, positional information is conveyed through the concerted actions of or interactions between Dpp and Wg (Campbell et al., 1993; Jiang and Struhl, 1996; Lecuit and Cohen, 1997; Carmena et al., 1998) . In the notum, both dpp and wg are essential for bristle patterning (Phillips and Whittle, 1993; Tomoyasu et al., 1998; de Celis et al., 1999; Phillips et al., 1999; Sato et al., 1999b) . Bristles (macrochaetae and microchaetae) are derivatives of sensory organ precursors singled out from epidermal cells expressing the proneural genes, achaete and scute (collectively called ac-sc; Modolell and Campuzano, 1998) . The formation of PS, DC, SC, and pPA macrochaetae requires wg activity (Phillips and Whittle, 1993) , and Dpp and Wg signals activate ac-sc expression so as to de®ne the position of DC macrochaetae (Tomoyasu et al., 1998) . The expression of BarH1 and BarH2, paired homeobox genes essential for ac-sc expression and bristle formation in the prescutum, is activated and repressed, respectively, by wg and dpp (Sato et al., 1999b) . dpp and wg participate, respectively, in the positive and negative regulation of spalt and spalt-related expression; these paired genes encode transcriptional factors required for a subset of macrochaetae formation (de Celis et al., 1999) . wg activity is also required for microchaetae formation in the central region of the notum (Neumann and Cohen, 1996) .
wg expression was previously shown to be regulated by a Dpp morphogen gradient (Sato et al., 1999b) . The notal wg expression domain shifted dorsally and ventrally depending on Dpp-signaling activity and the absence and ubiquitous overexpression of dpp totally eliminated notal wg expression. Notal wg expression appears regulated by pannier (pnr), a gene encoding a transcriptional factor related to GATA-1 (Ramain et al., 1993; Calleja et al., 1996) . Ushaped (Ush) binds to Pnr and inhibits ac-sc expression directly or indirectly Haenlin et al., 1997) and thus ush may be considered to be involved in the regulation of notal wg expression.
Here, we show evidence that notal wg expression is regulated by plural pathways, some of which depend on dorsal Dpp signals. Pnr and Ush, whose production is positively regulated by Dpp signaling, form a putative complex that brings about repression of wg expression in the future medial notum, while Ush-unbound Pnr serves as a positive factor of wg expression. Our results also show that notal wg expression is regulated by its own signaling and suggest that notal ush expression is positively regulated by Pnr/Ush complexes, which serve as repressors for wg expression.
During the course of the preparation of this paper, a paper (Garcia-Garcia et al., 1999) was published which reports requirements of pnr and ush for wg and ac-sc expression in the notum and possible formation of Pnr/Ush repressor complexes. Our results include not only considerable extensions of their results but also clari®cation of the relationship between Dpp signaling and functions of Pnr and/or Ush.
Results

Positive and negative regulation of notal wg expression by Dpp signaling
To further clarify the notion that notal wg expression occurs only in cells receiving optimal levels of Dpp signals (Fig. 1A,B) (Sato et al., 1999b) , wg expression in Mothers against dpp (Mad) and thickveins (tkv) mutant clones generated at two different stages was examined. Mad encodes a transactivator acting downstream of Dpp signals (Kim et al., 1997) , while tkv encodes a type I receptor for Dpp (Nellen et al., 1996) . Early and late clones were generated at late ®rst instar and late second instar, respectively; resultant clones were observed in late third instar. As partly shown in Fig. 1C , a dorsal shift of wg expression was detected in both early and late clones homozygous for Mad
1±2
, a hypomorphic mutant allele of Mad (Wiersdorff et al., 1996) . In contrast, in the case of tkv a12 , a strong hypomorphic mutant allele of tkv (Terracol and Lengyl, 1994) , a dorsal shift of wg expression was observed only in late clones (Fig. 1D) . No or little wg expression could be detected in any of the early clones (Fig. 1E) . We interpret these results as suggesting that Dpp-signaling activity in cells within early tkv a12 clones is much lower than that in Mad 1±2 and late tkv a12 clones, and hence, medial-notal cells in Mad 1±2 and late tkv a12 clones but not early tkv a12 clones possess residual levels of Dpp-signaling activity, suf®cient to induce wg expression. Consistent with this, twin spot analysis in the wing pouch where Dpp signals are autonomously required for cell proliferation showed that Mad 1±2 mutant clones are recovered much more frequently than tkv a12 clones (data not shown). The absence of wg misexpression in late medial tkv a12 clones situated along the anterior notal edge (see asterisk in Fig. 1D ) is possibly due to Bar-dependent repression of wg expression in the future anterior notum (Sato et al., 1999b) .
2.2. Notal wg expression in a striped region expressing pnr but not ush ac-sc expression in the notum is affected in several allelic combinations of pnr (Ramain et al., 1993; Haenlin et al., Fig. 1 . Regulation of notal wg expression by Dpp signaling. All discs are of late third instar. Dorsal is left and anterior is up. (A) A schematic drawing illustrating that except for the future scutellum (enclosed by a circle), wg expression is repressed by high levels of Dpp signals in future medial notum (see the T-shaped line), while activated by low levels of Dpp signals in future lateral notum (see colored thick arrows). Note that notal wg expression domain is intersected by a weak wg expression area just anterior to the scutellum. Future medial and lateral notal regions are de®ned as ones dorsal and ventral to the dorsal limit of wg expression domain, respectively. Since the A/P border considerably bends in the larval (future) medial notum, which unevenly expands during pupal development, A/P and D/V axis orientations were de®ned as depicted by thin arrows. (strong hypomorph) clones. The asterisk shows that wg is not misexpressed in the anterior-most region of the notum, most probably due to Bar repression (Sato et al., 1999b) . (E) An early tkv a12 clone, in which Wg expression is almost completely lost in the future medial notum (arrowhead) and in the authentic wg domain (arrow). Scale bar in (B) indicates 50 mm. 1997), whose function is prevented by ush gene product (Ush) as a result of direct binding to Pnr . Since pnr appears involved in notal wg expression , and pnr and ush are expressed in the future medial notum in a graded fashion with peaks within the dpp expressing dorsal-most region (Fig. 2A±D) (Ramain et al., 1993; Cubadda et al., 1997) , the late third instar notum was examined by staining for wg protein (Wg) and pnr or ush RNA. ush and wg expression areas were found to abut on each other except for the future scutellum (see Fig. 1A ), while almost all wg expressing cells were situated in a ventral-most region of the pnr expression domain ( Fig.  2A,C) . Although somewhat ambiguous, a similar relationship among wg, pnr and ush expression areas was detected in small discs at an early third instar stage, the earliest stage of notal wg expression (Fig. 2B,D) . It may thus follow that wg expression occurs in lateral-notal cells expressing pnr but not ush throughout third instar larval notal development.
As shown in Fig. 2K ,L, wg protein (Wg) expression is essentially identical in size and location to wg RNA expression throughout larval development and accordingly, we hereafter refer to the region expressing wg RNA or protein as the authentic wg expression domain. Note that as shown in Fig. 2M ,N, wg-LacZ expression occurs in a region much broader than the authentic wg expression domain; wg-LacZ expression was always observed to be expanded medially or dorsally, suggesting that the authentic wg expression domain shifts ventrally as a disc grows (for the de®nition of the dorso-ventral orientation in the notum, see Fig. 1A ).
Requirement of dual pnr function for notal wg expression
To determine the role of pnr in wg expression, examination was made of wg expression on various pnr mutant backgrounds. Strong wg misexpression occurred in medial pnrnull-mutant (pnr VX6 ) clones (Fig. 3A) . wg-LacZ or Wg signals were detected in the entire medial notum transheterozygous for pnr VX6 and pnr
V1
, from which most, if not all, pnr activity is absent (Figs. 3G and 4B) . In contrast, a significant reduction of wg expression occurred in pnr-nullmutant (pnr VX6 ) clones generated within the authentic wg expression domain (Fig. 3B ). These ®ndings indicate that pnr is involved in both negative and positive regulation of notal wg expression; Pnr serves as a positive regulator of wg expression in the future lateral notum including the authentic wg expression domain, while it is a negative factor of wg expression in the medial notum. Consistent with this, ubiquitous or clonal expression of wild-type pnr induced wg misexpression in the notum ventral to the authentic wg expression domain, while no or little wg misexpression occurred in the future medial notum (Fig. 3C and data not shown).
Pnr/Ush complex as a repressor for notal wg expression
As in the case of ac-sc expression ), ush appears to serve as a negative factor for notal wg expression, since (1) wg was misexpressed in ush-null-mutant (ush 1 ) clones in the future medial notum (Fig. 3D) and (2) virtually all endogenous wg expression was abolished when wild-type ush was overexpressed throughout the notal region (Fig. 3E ). In contrast to medial ush 1 clones, no appreciable change in wg expression was detected in ush 1 clones generated within the authentic wg expression domain (Fig.  3D ). That the authentic wg expression domain is demarcated by medial ush expression (see Fig. 2C ) may indicate that medial ush expression is involved in the establishment of the dorsal boundary of the authentic wg expression domain.
Based on the fact that Pnr mutants such as Pnr D1 and Pnr D4 , lacking ability to bind to Ush, are still capable of activating ac-sc in the presence of ush activity (see Fig.  3H ), wild-type Pnr was proposed to be inactivated by ush through direct interactions of Ush with Pnr . However, our results showed that this may not be the case in notal wg expression and ac-sc expression for the DC macrochaetae formation. If Ush serves only as the inhibitor of Pnr as predicted, a wild-type copy of pnr added in trans to pnr D1 would not decrease the area of wg expression, since wild-type Pnr is considered to either activate wg expression or neutralize the negative function of Ush or both. The results shown in Fig. 3I are apparently at variance with this consideration. Both wg and ac-sc misexpression found in the future medial notum of pnr D1 /pnr V1 discs ( Fig. 3H ) was abolished in pnr D1 / 1 discs with no loss of wg and acsc expression in the authentic wg expression domain. This negative effect of wild-type pnr was reversed by halving the copy number of endogenous ush (Fig. 3J) . We conclude that, in the medial notum, Pnr forms a complex with Ush and the resultant Pnr/Ush complex represses wg and ac-sc expression directly or indirectly to establish the dorsal boundaries of the authentic wg expression domain and the ac-sc expression area for the DC macrochaetae formation.
Requirements of Dpp signaling for notal pnr and ush expression
Notal wg expression is regulated not only by dpp signaling (see Fig. 1 ) (Sato et al., 1999b) but also by Pnr and Ush (see Fig. 3 ). Thus, pnr and ush expression may be under the control of Dpp signaling or conversely, Dpp signaling is regulated by pnr and ush. The second possibility, however, seems to be unlikely, since neither pnr nor ush mutant clones exhibited any appreciable change in brinker (brk)-LacZ expression (Fig. 4E±G ). brk is a general Dpp target gene whose expression is negatively regulated by Dpp signaling. Loss of Dpp signaling causes cell-autonomous brk misexpression in the wing pouch and notum of wing imaginal discs (Campbell and Tomlinson, 1999; Jazwinska et al., 1999a; Minami et al., 1999 ; data not shown).
To determine the feasibility of the ®rst possibility, pnr and ush expression was examined in tkv a12 , Mad 1±2 or tkv Q253D (tkv QD ) clones; tkv QD is a constitutively active form of tkv (Nellen et al., 1996) . As shown in Fig. 5G ,H, pnr and ush were misexpressed in lateral UAS-tkv QD clones generated in late second instar, an observation indicating that pnr and ush expression is under the control of Dpp signaling. Unlike wg expression (see Fig. 1D ,E), pnr and ush expression was abolished not only in early tkv a12 clones (Fig. 5E,F) but also in late tkv a12 (Fig. 5A,B ) and early Mad 1±2 clones (Fig. 5C,D) , both expressing wg (see Figs. 5A,C and 1D), suggesting that pnr and ush expression requires higher levels of Dpp-signaling activity than that required for wg expression.
Loss of ush expression in tkv a12 and Mad 1±2 clones (Fig.  5B ,D,F) might be a secondary effect due to the loss of pnr expression, since, as shown below, the maintenance of ush expression requires both pnr and ush activities. pnr and ush expression may be independently initiated by Dpp signaling, since pnr expression normally occurred in ush mutant clones (Fig. 4A ) and no ush misexpression was induced by ubiquitous pnr expression (Fig. 4C) . We conclude that the graded expression of pnr and ush is determined by Dpp signaling and hence, Pnr and Ush act downstream of Dpp.
Ventral Dpp signals are not involved in notal wg expression
In the larval notal region, dpp expression is not continuous but is broken by the authentic wg expression domain (Fig. 2E,F) , thus suggesting that notal development could be regulated by Dpp signals emanating separately from dorsal and ventral sources up to the wg expression domain. As anticipated, the expression of dad (dad-LacZ), a downstream component of Dpp signaling whose expression is positively regulated by Dpp signaling (Tsuneizumi et al., 1997) , was detected not only in medial but also in lateral notum (Fig. 2G,H) . Double-staining of dad-LacZ and either pnr or ush RNA expression, however, showed that unlike dad-LacZ, pnr and ush are not induced in the postero-lateral notum in spite of the presence of active Dpp signals (arrows in Fig. 2I,J) . In addition, our previous experiment showed that ectopic wg expression induced by tkv QD is restricted to the antero-lateral notum (Sato et al., 1999b) . It may thus follow that an unidenti®ed factor represses the expression of a fraction of Dpp target genes, which include pnr, ush and wg but not dad, in the postero-lateral notum.
Positive regulation of wg by its own signaling
Wg signaling represses wg transcription for re®nement of its own expression domain in the wing margin (Rulifson et al., 1996) . Thus, examination was made of notal wg expression on Wg-signaling mutant backgrounds. In contrast to wing-margin, wg expression in the notum was activated by its own signaling though much less effectively (Fig.  6A±E) . armadillo (arm) and disheveled (dsh) encode Wg signal transducers (Noordermeer et al., 1994) and wg ts is a temperature-sensitive Wg secretion mutant (Gonzalez et al., 1991) . As shown in Fig. 6A , weak partial wg misexpression was noted in about 50% of lateral clones (19 of 40 clones) expressing Darm, which constitutively activates Wg signaling (Zecca et al., 1996) . Ectopic wg expression was also detected in a cell non-autonomous fashion when wg misexpressing clones were induced in the lateral notum (Fig. 6B) . In contrast, wg transcription was considerably reduced in dsh null mutant (dsh VA153 ) clones (Fig. 6C) . When wg ts mutant discs were incubated at 298C, a non-permissive temperature, for 48 h, an appreciable reduction of wg expression was detected in the authentic wg domain without any signi®cant change in pnr and ush expression (Fig.  6D,E) . Taken together, these results indicate that Wg signaling weakly activates wg transcription in the future lateral notum. The failure of induction of wg misexpression in D arm and wg clones in future medial notum may indicate that wg expression due to auto-activation is repressed by Pnr/Ush complexes in the medial notum.
One unexpected ®nding is that, in the hinge region, strong wg misexpression occurred only in cells surrounding wg expressing cells (Fig. 6B ), suggesting possibly a new type of Wg-dependent wg expression. . 1A ). (A±D) Restriction of pnr and ush expression in the future lateral notum. pnr and ush RNA expression is colored in red, whereas wg expression is colored in green. pnr and ush were expressed in a graded manner in the region including the future medial notum; pnr was expressed in both the future medial notum and the dorsal-most region of the lateral notum corresponding to the Wg expression region (A,B), whereas ush expression appeared restricted to the future medial notum abutting on the Wg expression domain (C,D). Merged images are shown in the left panels. See Fig. 1A for the de®nition of the medial and lateral notum. In early third instar, Wg expressing cells may express ush RNA weakly (B,D). (E±J) Unrelatedness of ventral Dpp signals to pnr and ush expression. (E,F) dpp (dpp-LacZ; green) was expressed both dorsally and ventrally to the Wg expression domain (red) throughout third larval instar; ventral dpp-LacZ expression is marked with arrows. (G,H) Notal expression of dad (dad-LacZ; green), which is positively regulated by Dpp signaling (Tsuneizumi et al., 1997) , along with that of Wg (red). As shown by arrows, dad expression occurred not only in the future medial notum but also in the posterior half of the future lateral notum, suggesting that Dpp signal transduction is actively used in both dorsal and ventral regions to the authentic wg expression domain. (I,J) In the future medial notum, pnr (I) and ush (J) expression (red signal) overlaps dad-LacZ expression (green signal) but is signi®cantly attenuated in the future lateral notum as indicated by arrows. (K±N) Comparison of Wg, wg-LacZ and wg RNA expression domains in the notum. Late third (K,M) and early third (L,N) instar discs are shown. wg protein (Wg; green) and wg RNA (red) signals were almost identical in pattern to each other (K,L). Very weak Wg signals were occasionally detected outside the wg RNA expression domain presumably due to Wg protein diffusion. In both late (M) and early (N) third instar, wg-LacZ signals (green) were broader than wg RNA expression (red), and appeared to be expanded dorsally (see arrows). Scale bar in (A) indicates 50 mm for (A±K,M); 100 mm for (L,N).
Pnr/Ush complex as an activator of ush expression
The entire notal ush expression area is included in the notal pnr expression domain (compare Fig. 2A,C) and hence, notal ush expression might be positively regulated by pnr. We tested this possibility using a pnr hypomorphic The results shown in (A±E) indicate that wg expression is repressed and activated by pnr in future medial and lateral notum, respectively, while repressed by ush in future medial notum. In (F±J), expression of wg-LacZ and Ac is colored in red and green, respectively. Only Ac expression for DC macrochaetae, which is enclosed by a white rectangle and separately shown in the inset, is considered here. (F) Wild-type. wg-LacZ and Ac expression is absent from future medial notum. (G) pnr VX6 /pnr V1 . wg expression expanded dorsally while Ac expression was eliminated on a pnr hypomorphic background, suggesting that wg but not ac (or ac-sc) expression in the medial notum is positively regulated by an unidenti®ed factor other than Pnr. pnr V1 is a hypomorphic mutant allele. (H) pnr D1 /pnr V1 . Not only wg expression but also Ac expression expanded dorsally. Pnr D1 lacks the ability to bind to Ush but is capable of stimulating wg and ac-sc expression. mutant (pnr VX6 /pnr V1 ) and found a signi®cant reduction of notal ush expression in pnr hypomorphic mutant¯ies (Fig.  4B) . Thus, we conclude that Pnr is involved in the up-regulation of notal ush expression. In the case of wg expression, Ush-unbound Pnr serves as an activator, while a Pnr/Ush complex serves as a repressor (see above). To determine which forms of Pnr are involved in ush expression, examination was made of ush RNA expression in the notum expressing pnr ubiquitously and the notum transheterozygous for pnr D1 and pnr V1 . Our results shown in Fig. 4C ,D indicated that neither Ush-unbound wild-type Pnr nor Pnr D1 , incapable of binding to Ush but capable of activating wg expression (see Fig. 3H ), could induce ush expression. It may thus follow that a Pnr/Ush complex but not Ushunbound Pnr is required for ush expression as a positive transcriptional regulator.
Discussion
3.1. Determination of wg expression area by plural mechanisms including dpp, pnr, ush, wg and an unidenti®ed factor, X In developing Drosophila notum, wg expression is controlled positively and negatively by Dpp signaling (Sato et al., 1999b) . The present study demonstrates that plural mechanisms that act downstream of Dpp signaling are involved in determining the authentic wg expression domain (Fig. 7) . wg expression in the medial notum appears negatively regulated by Pnr/Ush complexes (see Fig. 3G±J ; see also below). The expression of pnr and ush in the medial notum requires Dpp-signaling activity (see Fig. 5A,B) .
The positive regulation of wg expression may utilize three As shown by arrows in (B), ush RNA expression was signi®cantly reduced on a pnr hypomorphic mutant (pnr VX6 /pnr V1 ) background, while Wg misexpression occurred in the medial notum on the same genetic background. This may indicate that pnr is essential for medial ush but not wg expression. However, that no ush misexpression was induced by the ubiquitous expression of UAS-pnr driven by C765 (see arrow in (C)) may indicate that Pnr is not a simple transcriptional activator for ush expression. (D) A signi®cant reduction of ush expression is brought about by the elimination of Pnr/Ush-complex forming activity (see arrow). Note that Pnr produced in pnr D1 /pnr V1¯i es lacks Ush-binding activity . (E±G) The absence of pnr (F) and ush (G) activity does not affect brk-LacZ expression (arrows). brk is a general Dpp target gene whose expression is negatively regulated by Dpp signaling (Campbell and Tomlinson, 1999; Jazwinska et al., 1999a; Minami et al., 1999) . As shown by arrows, brk-LacZ expression in the notum with pnr VX6 (F) and ushdifferent routes (see Fig. 7 ), two of which require Dpp-signaling activity. First, wg expression is activated by Ushunbound Pnr. pnr expression in the authentic wg domain appears positively regulated by Dpp signaling (see Fig.  5A ,E) and Ush-unbound Pnr may be produced and present almost exclusively in the authentic wg expression domain where ush is hardly transcribed (see Fig. 2A,C) . Secondly, results shown in Fig. 6 indicate that wg expression is activated by its own signaling, albeit weak and short-ranged. wg expression may be activated by the third route, which requires Dpp signaling but neither pnr nor wg activity (see Fig. 7 ). We predict that this route may include a presumptive unknown transactivator, X, acting downstream of Dpp signaling to activate wg expression. The presence of the third activation route may be indirectly demonstrated by the following facts. As can be seen in Fig. 3A , wg is strongly misexpressed in medial pnr-null mutant clones generated far distant from the authentic wg expression domain. This ®nding may indicate that pnr is dispensable for wg misexpression in the medial notum and suggests that medial wg misexpression may not be attributed to the weak and shortranged wg auto-activation. The latter possibility was further (G,H) ). Wg expression is colored in green in (C,E). Left panels are merged pictures. Mosaic clones were generated at late ®rst instar (early clones) or late second instar (late clones) and observed in late third instar. As shown by arrows in (A±F), both pnr and ush expression was abolished in late and early tkv a12 (A,B,E,F) and early Mad 1±2 (C,D) clones. In (C,E), discs were examined by triple-staining. wg was misexpressed in early Mad 1±2 clones (C) but not early tkv a12 clones (E), both of which lack pnr RNA expression. Mosaic clones expressing UAS-tkv QD under the control of AyGal4 were generated in late second instar (G,H). As shown by arrows, pnr (G) and ush (H) RNA misexpression occurred in the future lateral notum. Scale bar in (A) indicates 50 mm.
supported by the ®nding that no or little wg misexpression occurs within early medial tkv a12 clones partly enclosed by wg expressing cells (see Figs. 1E and 5E ). That Wg misexpression occurred in early Mad 1±2 and late tkv a12 but not in early tkv a12 clones may indicate that Dpp signaling is essential for all types of medial wg misexpression so far examined and both early Mad 1±2 and late tkv a12 clones possess residual levels of Dpp-signaling activity, suf®cient to induce wg misexpression, but early tkv a12 clones do not (Figs. 1 and 5C,E). That pnr expression was abolished in all the three cases (Fig. 5A ,C,E) may indicate again that pnr is dispensable for medial wg misexpression. The three positive mechanisms of wg activation described above may exert additive or synergistic effects, since weak but signi®cant wg expression was observed in either pnr clones (see Fig.  3B ) or clones lacking Wg-signaling activity within the authentic wg expression domain (see Fig. 6C ).
ush expression may de®ne the medial notum, in which Ush forms a complex with Pnr (Fig. 7) . The Pnr/Ush complex appears to repress not only Dpp-dependent wg expression (Pnr-or X-dependent wg expression) but wg auto-activation as well, since no induction of wg-LacZ expression could be detected in medial D arm or wg clones (see Fig. 6A,B) . We consider that the dorsal boundary of the authentic wg expression domain is determined by Pnr/Ush repressor complexes formed in the medial notum. The difference in pnr and ush expression in the future notum (see Fig. 2A±D ) may be due to a possible difference in sensitivity between pnr and ush expression to Dpp-signaling activity levels as demonstrated in early embryonic dorsoventral patterning (Jazwinska et al., 1999b) . In a previous experiment, we showed evidence supporting the notion that the anterior edge of the authentic wg expression domain is determined by paired Bar homeobox genes (Sato et al., 1999b) . Fig. 7 . A summary of wg regulation in the notum. In both future medial and lateral notal regions, dpp is expressed and Dpp signaling is active. Ventral Dpp signals, however, are neutralized by an unknown mechanism as far as pnr, ush and wg expression is concerned. Notal wg expression, except for that in the scutellum (the region enclosed by a white broken line), is regulated through four different pathways, three under the control of Dpp signals emanating from the dorsal-most region. pnr and ush expression is up-regulated by Dpp signaling, but ush expression is much narrower than that of pnr, possibly because of the requirement of higher Dpp-signaling activity for ush expression than that for pnr expression. In the future medial notum (ush expression domain enclosed by a red broken line), Pnr and Ush form a complex repressing wg expression, while Ush-unbound Pnr activates lateral wg expression. Note that the authentic wg domain and the medial notum abut on each other. Unlike wg expression, ush expression in the future medial notum is positively regulated by the Pnr/Ush complex. This regulation appears required for the maintenance of medial ush expression. Dpp signaling is also capable of activating notal wg expression through an unidenti®ed factor X. This route includes neither Pnr nor Ush. In addition, wg expression is weakly up-regulated by its own signaling in the lateral notum. Graded pnr expression is colored in violet. Yellow, wg expression; green, dpp expression. 3.2. Possible molecular mechanisms of functions of Pnr and Pnr/Ush complexes Haenlin et al. (1997) showed that Pnr D1 and Pnr D4 cannot bind to Ush because of amino acid substitutions in the putative Ush-binding domain (an N-terminal zinc ®nger); the Cterminal activation domain is intact. While the coexistence of wild-type Pnr and Ush is essential for the repression of wg expression as described above (see Fig. 3G±J ), these Pnr mutant proteins cannot repress but constitutively activate wg expression (Fig. 3H) . Pnr VX1 and Pnr VX4 lack a C-terminal transcriptional activation domain, but appear to possess both DNA-binding and Ush-binding domains . Calleja et al. (1996) showed that pnr VX1 in trans to a pnr hypomorphic allele causes the complete loss of notal wg expression, suggesting that a Pnr VX1 /Ush complex serves as a repressor of wg expression. Thus, either Ush or the N-terminal region of Pnr should possess a putative repression domain for wg expression and, if the latter, activation of the putative repression domain for wg expression will require Ush-binding because of the absence of repressor activity in Pnr D1 (see Fig. 3H ). Note that pnr VX6 used here is quite different in properties and encodes a very short N-terminal peptide lacking virtually all biological activity (Ramain et al., 1993) .
Pnr and Ush, respectively, are related to GATA-1 factor and Friend of GATA-1 (FOG-1) in vertebrates (Tsang et al., 1997) . Binding of FOG-1 to GATA-1 has been shown to repress GATA-1-mediated transactivation at M1a and EKLF promoters. The idea that FOG-1 may possess a repression domain is supported by the fact that a fusion protein of the Gal4 DNA-binding domain and FOG-1 is capable of repressing the basal promoter activity of Gal4-dependent promoters. This repression has been shown to be mediated through binding of a CtBP-family co-repressor to FOG-1 (Fox et al., 1999) . As with FOG-1, Ush possesses a putative CtBP-co-repressor-binding site (Turner and Crossley, 1998) and hence, transcriptional repression of wg or acsc by Pnr/Ush complexes may possibly be due to binding of Drosophila CtBP (dCtBP; Nibu et al., 1998) to Ush. Interestingly, FOG-1 was originally identi®ed as a factor synergistically activating GATA-1-mediated transactivation at the p45 NF-E2 promoter (Tsang et al., 1997) . Thus, it is quite feasible that FOG-1 and Ush, respectively, may act as either co-activator or co-repressor of GATA-1 and Pnr, depending on target gene promoter constitution and/or the presence or absence of CtBP factor binding. wg/ac-sc repression and ush activation by Pnr/Ush complexes may best parallel with this consideration.
3.3. Attenuation of the expression of a class of Dppsignaling target genes in future lateral notum dpp is expressed in the regions not only dorsal but also ventral to the authentic wg expression domain along the anterior-posterior border (see Fig. 2E,F) . dad expression indicated that these two regions serve as active notal Dpp sources (see Fig. 2G,H) . However, the expression of Dppsignaling target genes such as pnr and ush is restricted to future medial notum and wg misexpression cannot be induced in the postero-lateral notum, where dad expression occurs (see Fig. 2I ,J) (Sato et al., 1999b) . It is thus quite reasonable to consider a mechanism operative for repressing of pnr, ush and wg in the postero-lateral notum, a region probably governed by Dpp signals generated in future lateral notum. This attenuation mechanism may also be responsible for the partial reduction of effective Dpp-signaling activity in the posterior notum, which may be required for making the wg domain not in parallel with but rather orthogonal to the dpp expression domain (see Fig. 2E,F) . Our preliminary results suggest the involvement of EGF signaling in the possible neutralization of the effects of Dpp signaling in the future postero-lateral notum. Consistent with this idea, ectopic wg expression was observed in Ras mutant clones generated in the future lateral notum (M.S., unpublished data).
Experimental procedures
Fly strains
Flies were usually raised at 258C. wg IL114 (wg ts ; Gonzalez et al., 1991) ¯ies were raised at 16.58C, a permissive temperature, and dissected after 48 h incubation at 298C, a non-permissive temperature. Mutants used were: tkv a12 (amorph or strong hypomorph; Terracol and Lengyl, 1994) , Mad 1±2 (hypomorph; Wiersdorff et al., 1996) , dsh VA153 (amorph; Neumann and Cohen, 1997) , ush ; amorph; Cubadda et al., 1997) , pnr VX6 (amorph), pnr V1 (hypomorph) and pnr D1 (neomorph). pnr mutants have been described by Ramain et al. (1993) . dpp P10638 (dpp-lacZ; Jiang and Struhl, 1996) , dad P1883 (dad-lacZ; Tsuneizumi et al., 1997) , brk 38 (brk-lacZ; Minami et al., 1999) and wg 17en40 (wg-lacZ; Phillips and Whittle, 1993) were used as reporter lines. UAS lines used were: UAS-tkv Q253D , UAS-pnr , UAS-ush , UAS-GFP (Ito et al., 1997) , UAS . CD2, y 1 . u-wg and UAS . CD2, y 1 .¯u-D arm (Zecca et al., 1996) . Gal4 is ubiquitously expressed in imaginal discs by C765-Gal4 (Nellen et al., 1996) . AyGal4 (Ito et al., 1997 ) is a Gal4 driver, in which a FLP-out cassette is placed between Actin 5C promoter and Gal4 coding sequence. Gal4 is transcribed under the control of Actin 5C promoter only in cells where the FLP-out cassette is removed by recombination between two FRT sequences. Recombinant chromosomes, arm-lacZ FRT18A, arm-lacZ FRT40A, arm-lacZ FRT82B, dsh VA153 FRT18A (provided by S.M. Cohen), tkv a12 FRT40A, Mad 1±2 FRT40A (provided by T. Tabata), pnr VX6 FRT82B (provided by P. Simpson) and ush 1 FRT40A along with hsFLPase, were used to generate mutant clones. hs-FLPase and AyGal4 UAS-GFP recombinant chromosome (from T. Tabata) were used to generate clones expressing Gal4. hs-FLPase, C765-Gal4 and UAS . CD2, y 1 .¯u-wg/¯u-Darm (provided by K. Basler) were used to generate clones expressing¯u-wg and¯u-D arm, respectively.
Immunohistochemistry
Fluorescence immunostaining was carried out as described previously (Hayashi et al., 1998; Sato et al., 1999b) . Mouse anti-Ac (1:1 dilution) and mouse anti-Wg (4D4; 1:100) antibodies were obtained from S.B. Carroll and Developmental Studies Hybridoma Bank, respectively. Rabbit anti-LacZ antibody (anti-b-gal; Cappel) was used in a 1:500 dilution. Mouse anti-HA antibody (BAbCO), which recognizes the Flu-epitope, and mouse anti-Myc antibody (Ab-1; Oncogene Science) were used in a 1:100 dilution.
Double¯uorescence labeling with riboprobe and antibody
cDNAs of pnr, ush and wg were provided by P. Simpson, M. Haenlin and R. Nusse, respectively. Double staining for in situ hybridization and antibody staining were performed as described in Sato et al. (1999a) .
Clonal analysis
FLP/FRT-mediated mosaic analysis was carried out as described previously (Xu and Rubin, 1993; Sato et al., 1999b) . Late second or late ®rst instar larvae were heat shocked and dissected after 46±48 and 70±72 h, respectively, at late third instar to obtain late or early clones. hsFLPase was induced by a heat shock at 378C for 60±90 min to generate mutant clones. To generate clones expressing transgenes, late second instar larvae were heat shocked at 348C for 15 min when AyGal4 was used as a Gal4 driver and for 30±60 min when UAS . CD2, y 1 .¯u-wg/¯u-D arm was used.
